Abstract Data from the Herschel Space Observatory is freely available to the public but no uniformly processed catalogue of the observations has been published so far. To date, the Herschel Science Archive does not contain the exact sky coverage (footprint) of individual observations and supports search for measurements based on bounding circles only. Drawing on previous experience in implementing footprint databases, we built the Herschel Footprint Database and Web Services for the Herschel Space Observatory to provide efficient search capabilities for typical astronomical queries. The database was designed with the following main goals in mind: (a) provide a unified data model for meta-data of all instruments and observational modes, (b) quickly find observations covering a selected object and its neighbour- hood, (c) quickly find every observation in a larger area of the sky, (d) allow for finding solar system objects crossing observation fields. As a first step, we developed a unified data model of observations of all three Herschel instruments for all pointing and instrument modes. Then, using telescope pointing information and observational meta-data, we compiled a database of footprints. As opposed to methods using pixellation of the sphere, we represent sky coverage in an exact geometric form allowing for precise area calculations. For easier handling of Herschel observation footprints with rather complex shapes, two algorithms were implemented to reduce the outline. Furthermore, a new visualisation tool to plot footprints with various spherical projections was developed. Indexing of the footprints using Hierarchical Triangular Mesh makes it possible to quickly find observations based on sky coverage, time and metadata. The database is accessible via a web site 1 and also as a set of REST web service functions, which makes it readily usable from programming environments such as Python or IDL. The web service allows downloading footprint data in various formats including Virtual Observatory standards.
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Introduction
One of the most frequent tasks in astronomy is to collect information on a specific source obtained by different instruments, often at different wavelengths. For this purpose, any astronomical database must support efficient search by coordinates and contain information on the sky coverage. Knowing the exact sky coverage is indispensable for most statistical studies such as identifying members or clusters of stars and galaxies, and it is also useful for studying the structure of the interstellar medium at multiple wavelengths. Existing databases that already provide exact sky coverage include large homogeneous surveys such as the Sloan Digital Sky Survey (Budavári et al, 2007 (Budavári et al, , 2010 and observatory archives such as the Hubble Source Catalog (Lubow and Budavári, 2013) .
The Herschel Space Observatory (Pilbratt et al, 2010 ) was a cornerstone mission of the European Space Agency, operating between 2009 and 2013. The three instruments of the telescope provided imaging and spectroscopic observations at far infrared and submillimetre wavelengths (55 -672 µm) to study the formation of galaxies in the early Universe and their subsequent evolution and to investigate the birth of stars and their interaction with the interstellar medium.
All observations performed by Herschel are stored in the Herschel Science Archive (HSA) and accessible by the astronomy community through the HSA User Interface 2 or via the Herschel Interactive Processing Environment (HIPE, Ott, 2010) . The HSA has been constantly updated with improved reductions of the observations. To this date, however, the HSA does not contain the exact description of observation footprints and lacks the functionality to perform fast coordinate-based spatial search on footprints. With this work we attempt to bridge this gap by building a database of unified observation headers and footprints. Photometric footprints presented here are already part of the HSA since version 7.0 and spectroscopic footprints will be added soon. The database was created with the following in mind:
-provide uniform access to observations made by all three instruments -to find every observation for a selected object and its neighbourhood -to find every observation in a larger area in the sky -to find Solar System objects intersecting with Herschel footprints and plot their trajectories on the map
The database can further be extended to include a source catalogue and become an integral part of the HSA, the Virtual Observatory and other astronomical data services such as SkyQuery (Budavari et al, 2013) or Spectrum Services (Dobos et al, 2004) . In Sec. 2 we summarise the operation modes of Herschel and the data reduction system for reference. Sec. 3 introduces the features of the Herschel Footprint Database including the user interface and web services. The building process of the database is explained in Sec. 4. For the more database-inclined readers, we review the methods of representing and indexing spherical geometries in relation databases in Sec. 4.2-4.3. We present the two outline reduction methods that we implemented to simplify the complex footprints of scan maps in Sec. 4.4. The paper is summarised in Sec. 5. This paper is intended for the end users of the footprint database; a technical paper addressing the issues regarding fast search among footprints is in preparation by Dobos et al. (2016) .
The Herschel Space Observatory and its observation data
Herschel was deployed at the L2 Lagrangian point of the Earth-Sun system in 2009 and was in operation until its He coolant depleted in 2013. During this period, Herschel's instruments took about 46,000 observations (including calibration and failed) of solar system, galactic and extragalactic sources in the far infrared and sub-millimetre. Many observations were focused on the photometry or spectroscopy of specific point sources, thus covered very small areas. In addition, there are about 1,500 raster maps and almost 28,000 photometric scan map observations, of which about 5,300 covered an area larger than 0.1 sq.deg.
The Herschel spacecraft featured a 3.5 metre warm mirror(80-90 K) with a field of view of approximately 15 . Instruments were cooled below 2 K by the cryogenic system. Tab. 1-2 summarises the most important properties of Herschel's instruments. The guiding system of the observatory allowed for very precise movement and pointing of the telescope which resulted in an astrometric accuracy of about 2 .
Pointing modes
To suit differential measurements and to create maps much larger than the field of view of the instruments, Herschel supported a wide variety of pointing modes. The astronomical observation templates offered four fundamental pointing modes: single pointing, raster maps, nodding and scanning. In addition to positioning the telescope, instruments had the ability to manipulate their field of view by means of a chopper or beam-steering mirror. Moreover, the telescope was able to track moving solar system objects along a pre-programmed trajectory (tracking mode).
Single pointing : The telescope was positioned on a certain coordinate with high accuracy and differential measurement were made using the the chopper or beamsteering mirror of the instruments. Certain observation templates extended the simple pointing with jiggling, moving the boresight of the telescope slightly around a given point for higher spatial sampling, but this mode was not used for scientific purposes.
Nodding : To take differential measurements, the telescope could alternate between a target position and off-position calibration fields. This mode could be combined with chopping in case of certain observation templates.
Raster maps : The telescope was able to cover extended areas by combining multiple, equally spaced single pointings. This mode was primarily used for integral field spectroscopy.
Scanning : All scientific imaging observations were taken in scanning mode. Scan maps were observed by combining constant velocity parallel and almost perpendicular line scans into a single photometric observation to cover extended sources.
The PACS instrument
The shorter-wavelength instrument capable of imaging photometry and integral field spectroscopy was the Photodetector Array Camera and Spectrometer (PACS, Poglitsch et al, 2010 , PACS Observers' Manual, 2013 .
The PACS photometer
Inside the PACS photometer the light beam from the telescope was split by a dichroic making parallel observations of the same field possible by the two bolometer matrices. The longer wavelength detector had a resolution of 32 × 16 pixels and a fixed broad-band filter with a coverage between 125 -210 µm, nicknamed red. The shorter wavelength detector had 64 × 32 pixels and two interchangeable filters covering the wavelength ranges of 60 -85 µm and 85 -125 µm, called blue and green, respectively. The instantaneous field of view of the imaging detectors was equally 1. 75 × 3. 5. To be able to perform differential measurements without telescope movement, a chopper mirror was also installed inside PACS but it was never used for scientific imaging observations. Instead, scan maps and mini scan maps were created with a great variety of shape, coverage and repetition factor. Three scanning velocities, 10 , 20 and 60 per second, were used. As the scanning mode was very inefficient for small maps due to the frequent telescope turn arounds at the ends of the scan legs, only maps of approximately 5 in diameter and larger were made with this technique. The resulting coverage was not always homogeneous: PACS scan maps produced by the pipeline include a pixel-wise coverage map, but instead of this pixelised map, it was more convenient to recover the footprints of observations from the telescope pointing data. Whenever it was possible, we utilised actual telescope pointing information, but for certain data products (such as some HIFI raster maps) we had to rely on commanded position angles.
The PACS spectrometer
The PACS integral field spectrograph had 5 × 5 "spaxels" organized in an irregular square with a coverage of 47 × 47 . The instrument could cover selected regions within the spectral ranges 51 -105 and 103 -220 µm simultaneously, either in a line-scan or a range scan mode. About 5,000 PACS spectroscopic measurements were done with single pointing and more than 1,000 raster maps were created. For differential spectroscopic measurements the chopping and nodding techniques were used in combination. An unchopped mode used for crowded fields was also provided.
The SPIRE instrument
The Spectral and Photometric Imaging Receiver (SPIRE, Griffin et al, 2010 , SPIRE Handbook, 2014 was an instrument for far infrared and submillimeter imaging and Fourier-Transform spectroscopy. 
The SPIRE photometer
The SPIRE Photometer had three hexagonally close-packed feedhorn-coupled bolometer arrays. The incoming radiation from the sky is split into three bands, centred approximately at 250, 350 and 500 µm. The three arrays observe the same area of the sky simultaneously. The spatial resolution in each band, in terms of the beam FWHM, varies by wavelength as it is listed in Tab. 1. SPIRE had a beam steering mirror to change the field of view of its detectors with respect to the field of view of the telescopes. It could also be used to take differential measurements against the builtin black-body calibration sources. Although the system originally supported various point source photometry modes (chopping, jiggling, nodding), these were never used for scientific observations. Rather, large and small area scan maps were created by slewing the telescope at constant angular velocity. Large area maps were at least 5 in diameter while small maps were created by scanning two short legs almost perpendicular to each other with lengths shorter than 5 . For SPIRE observations three scanning velocities, 20, 30 and 60 /s, were used.
The SPIRE spectrometer
The SPIRE imaging Fourier-Transform Spectrometer had two, slightly overlapping bands covering the rather broad wavelength ranges 194 -318 µm and 294 -671 µm with ∆ ν = 1.2 GHz at high resolution (for spectral lines and continuum) or ∆ ν = 25 GHz at low resolution (continuum) observation. The shorter wavelength detec-tor (SSW) had 19, the longer wavelength detector (SLW) had 37 feedhorn-coupled bolometers closely-packed in a hexagonal pattern, covering the same field of view of 2. 6 in diameter. Some detectors are partially vignetted by the instrument, hence the unvignetted field of view is about 2 . Both detectors could be operated simultaneously. The instrument was used for pointed observations and raster maps. Raster maps were made with column separation of 116 and row separation of 110 to fill in the gaps between adjacent pointings with the hexagonal detectors.
The HIFI instrument
The Heterodyne Instrument for the Far Infrared (HIFI, de Graauw et al, 2010 , HIFI Observers' Manual, 2011 ) was a spectrograph working from the far infrared to the sub-millimeter band. It had seven beams covering different frequency ranges with diffraction-limited beam diameters between 11. 1 and 43. 5. The electronically tunable mixers and the two pairs of auto-correlator and acousto-optical spectrometers provided a spectral resolution of 125 kHz-1 MHz, at both polarizations in parallel.
Precise beam characterisation revealed a small offset between beam centres of the two polarization. The size and direction of the offset varied from band to band and was on the order of arc seconds. For the HIFI instrument a wide range of observation templates were developed with various types of differential measurement techniques. Positional differentiation could be done using the chopper mirror to chop between points on the sky or the calibration source. Spectral differentiation could be done using beam switching or frequency switching. Three different pointing modes were used with HIFI: single pointed, raster maps, on-the-fly scan maps.
Herschel observations
Instead of following a survey schedule, Herschel made measurements based on individual astronomical observational requests proposed by scientists. Each observation is identified by a number, the obsID. Observations are primarily characterised by the instrument(s) used, whether it was broad-band photometry or spectroscopy, the instrument mode and band, and the telescope pointing mode. Herschel's data acquisition system recorded operational data with high resolution in time encoded into the fineTime, a time unit with µm resolution measuring atomic time seconds since midnight 1 January 1958 UT2. Herschel operated in numerous observational modes including single pointed observations, raster maps and scan maps. Pointed and raster observational modes were used primarily for spectroscopy while most photometric observations were scan maps. Differential observations in the pointed and raster modes were most often made either by using the instruments' chopper, or nodding with the telescope (or the combination of the two) to alternate between the source of interest and a reference field.
Many observations were made for instrument calibration purposes or failed for any reason. Observations used for calibration purposes are also assigned obsIDs and they are usually flagged as 'calibration' in the astronomical observation request (AOR) field of the data header by the word 'cal' or 'calib', 'calibration', etc. Certain SPIRE observations were also flagged as 'dark sky' which we also classified as calibration.
Herschel photometry
By original design, the PACS instrument was able to perform differential photometric measurements by chopping between an on and off position on the sky. Although a few observations were made in this mode, cross-scan maps turned out to be superior and were later used for all photometric point source observations. Scan maps were performed by slewing the boresight of the telescope at a constant angular velocity along parallel lines (scan legs) to cover a large area. The lines followed great circles on the sphere, approximately parallel lines over short distances. After each scan leg, the spacecraft performed a turn-around manoeuvre to continue observing along the next, slightly overlapping scan leg in the opposite direction. The time a turn-around took was about half a minute. Scan maps were taken at 10, 20, 30 or 60 per second angular velocity, depending on the instrument, map size and observational mode used. No differential measurements were made during scan map observations; the instrumental background was removed by high-pass filtering the detector read-out time signal. Larger maps were usually scanned in two orthogonal directions and the whole process was repeated several times for higher signal to noise ratio.
PACS cross-scan maps (also mini scan maps) were the combination of two short (3 ) scan legs along the detectors' diagonal at angles of 70 • and 110 • . SPIRE small scan maps were made in a similar way, scanning two short legs almost perpendicular to each other, at angles of ±42.4 • with respect to the detector to cover a minimum circle of 5 in diameter, in the middle of the map.
PACS/SPIRE parallel photometric scan maps
The parallel mode was the only compatible mode for operating SPIRE and PACS simultaneously in which the scanning strategy was optimized for both instruments. Using the two detectors of PACS and the three detectors of SPIRE, simultaneous observations in five bands were possible without significant degradation in instrument performance. This mode is used to cover very large areas of the sky. For any observation in parallel mode, only scans at one of the two predefined "magic" angles ("nominal": +42.4 • and "orthogonal": −42.4 • , with respect to the instrument coordinate system) were possible. The scan speed could be either 20 or 60 /s in this mode. Cross-scan maps could also be achieved by additional parallel mode observations at the alternative scan direction. In parallel mode, the PACS and SPIRE sky coverage were offset by 21 . The major advantage of PACS/SPIRE parallel mode was for programmes involving shallow Galactic surveys covering dozens of square degrees. When observing in parallel, both PACS and SPIRE observations received the same obsID.
Spectroscopy
Herschel's two imaging spectrometers (PACS and SPIRE) were used for single pointing and raster map observations. The single-beam HIFI spectrometer was used for pointed observations, on-the-fly scan maps and raster maps. Because differential measurements were made using various combinations of telescope nodding and chopper movement, recovering the actual area of interest from the raw pointing data was sometimes difficult. Details of the footprints of spectroscopic observations will be highlighted in Sec. 3.2 and 3.3.
Observation processing levels
The HSA, via HIPE, provides access to reduced data at various levels of processing. To generate the observation footprints we reached back to the highest observation level data (not necessarily science-ready) which still contained the pointing information. The fully processed data usually contain a WCS header and a coverage mask only which is unsuitable to reconstruct the exact area of interest.
PACS photometry Level-0 and Level-0.5 observations are minimally processed, non-calibrated, averaged images generated from raw bolometer read-outs. At these low processing levels data products still contain the telemetry information necessary to reconstruct the exact coverage of scan maps. Observations at Level-1 processing are fully reduced and flux-calibrated, including the removal of all instrumental and observatory effects, but not ready for scientific analysis. Level-2 scan maps are science-ready and contain, for each camera, the image, the coverage map, the standard deviation, high-pass filtered image and error map. Level-2.5 data is available if multiple scan maps and cross-scans were combined into mosaic maps. Please refer to Balog et al (2014) for details on the reduction process and photometric calibration of PACS scan maps. PACS spectroscopy Level-0 data consist of the 18 × 25 readout time-lines for each camera, and the calibration data needed for data analysis. At Level-0.5 wavelengths are calibrated and digital read-outs are converted to Volts/s. PACS spectroscopy Level-1 products contain the fully calibrated coordinates of the 5 x 5 spaxels and the flux is calibrated and converted to physical units. Level-2 data products contain noise filtered, regularly sampled spectral data cubes ready for scientific analysis.
SPIRE photometry Level-0 and Level-0.5 are similar to those of PACS but telescope turn arounds during scan map observations are already filtered from the pointing data and are not recoverable. SPIRE photometry Level-1 and Level-2 are essentially the same as for PACS photometry, whereas SPIRE Level-2.5 is the same as SPIRE Level-2.0. SPIRE spectroscopy Level-0 contains raw read-outs from the 19 and 37 detectors. At Level-1, measurements are calibrated and converted to physical units. At Level-2, spectral data cubes are completely assembled.
Level-3 processing is available for PACS and SPIRE if various observations belonging to the same proposal are merged. These are all photometric mosaic images.
HIFI Level-0 data consist of raw read-outs from the detectors, sampling one subband of a single mixer with both polarizations at the same time. HIFI Level-1 data contain amplitude and frequency-calibrated measurements corrected for fundamental instrumental effects. At Level-2, additional instrumental effects (e.g. standing waves, baseline offset and slope, side band convolution etc.) are removed. At Level-2.5 processing, spatial maps are assembled into regridded data cubes and sideband deconvolution of spectral scans is performed.
Herschel observation footprints
We downloaded all reduced observations from the Herschel Science Archive, converted header meta data into a uniform format for all instruments and observational modes to build a relation database. As the most important contribution to the Herschel data infrastructure, we computed the exact footprint for all scientific observations taken by the observatory. Footprints were also computed for most observations flagged as calibration or failed where the pointing information was available. Some scientific observations were tracking moving Solar System objects in which case a footprint with absolute coordinates is not meaningful.
PACS and SPIRE scan maps
Scan maps obtained by Herschel cover 15, 200 square degrees. This coverage is comparable with systematic sky surveys and uniformly reduced data can later be published as source catalogues, similarly to the recently created Hubble Source Catalog by Lubow and Budavári (2013) . To support the typical survey operations such as spatial searching and statistical analysis, the detailed, spatially indexed description of the footprint of the covered areas is indispensable. Scan maps are usually processed at Level 2.0 or 2.5 which are the equivalent of flux-calibrated mosaic images in FITS format with a mask. Reconstructing the exact footprints of scan maps from these highly processed images would be challenging, mostly due to concave regions. Therefore, we had to reach back to initial pointing data -the pointing history of the telescope in a certain time window -and calculate footprints from the trajectories swept by the field of view of the various instruments.
We calculated the exact coverage of 26, 761 individual photometric observations made with the PACS and SPIRE instruments in scanning mode. No footprints were generated for failed or problematic observations (those which did not reach Level-1 processing). The scan maps were created directly from telescope pointing data. As an illustration, we plot a typical PACS scan map's raw pointings in panel a) of Fig. 1 . The straight lines of the trajectory (scan legs) are connected by the irregular sections where the telescope turned around to start the next leg.
After determining and filtering turn-arounds from the pointing data, using building block id (BbId) 3 based selection we constructed the footprints of individual scan legs by taking the convex hull of the four corners of the detector at the beginning and at the end of each leg, see Fig. 1 : Reconstruction of the footprint of PACS scan map 1342225536 from raw pointing data. This particular scan map was taken in parallel mode with a repetition value of 1. To achieve higher coverage, scan maps with perpendicular legs and multiple repetitions were also made.
scan with respect to the scan direction. In case of observations with multiple repetitions, thanks to the precise guidance of the spacecraft, scan legs of different repetition overlap almost exactly. For this reason, to simplify the computation of the union of scan legs, we generated the footprint from the very first repetition and omitted the rest.
The SPIRE photometer was only used with observing modes where the telescope scanned along a sky region at a constant angular velocity: either 30 or 60 /s. Maps are built by scanning at two predefined ±42.4 • "magic" angles, with respect to the instrument coordinate system. The different scans are also separated by a predefined offset. Nominally, the maps are built by scanning the two scan directions (i.e. crossscans), providing redundancy and better coverage of the sky region. There are only a few cases of maps using a single scan direction only. For small map mode, there are only two shorts scans at an angle of 84.8 • , covering a sky area of ∼ 5 diameter. While in large map mode maps, the size of the sky region requested by the observer dictates the length of each scan leg and the number of scans in each scan direction. SPIRE scan map footprints were generated a way very similar to those of PACS with two exceptions. SPIRE pointing data was already filtered for turn around so we could skip that step. An important difference is that SPIRE scan maps are processed such a way that useful detector read outs during the turn arounds are also taken into account. For this reason, the corresponding ends of the successive scan legs are also connected, as it is illustrated in Fig. 2 .
In case of parallel mode, the PACS and SPIRE footprints were processed independently and the database contains the coverage of both instruments. In addition, we computed a parallel footprint which was taken to be the intersection of the two. In case of small, cross-scan maps the coverage is only homogeneous in the central part of the map and decreases significantly towards the edges. This information is available on a per pixel basis in final HSA data products but not included in the Footprint Database.
Single point spectroscopy footprints
In Fig. 3 we plot the typical footprints of the three spectroscopic instruments in single pointing mode. The footprint of the 5 × 5 spaxels of PACS is approximated by a 47 × 47 square, although one row of spaxels was not perfectly aligned with the rest. We used raw pointing data from Level-1 to identify calibration on and off positions but final footprint represent on positions only. The two SPIRE spectrometers have 19 and 37 horns arranged in a hexagonal pattern with an unvignetted field of view of 2 in diameter. Since SPIRE raster observations employed a step size of 116 along rows and 110 between the rows -to avoid holes in the raster footprints, and to be consistent with raster observations -we increased the representation of the field of view to 2. 6 in diameter. The footprints of single pointing HIFI observations are the union of two, slightly offset circles belonging to the two polarizations of the beam. The size of the offset and the half-power beam diameter depends on both, the polarization and the sub-band, cf. Tab. 2. The typical shape of HIFI single pointing footprints is better observable in Fig. 4 where we plot it along with the footprint of a HIFI raster map. Footprints of HIFI spectral scan observations are always approximated by a single circle since -at the time of building the footprint database -no separate coordinates for the horizontal and vertical polarization positions were available in the HSA. This will be revised once the latest HSA products are available.
Mapping spectroscopy footprints
Reconstructing the footprint of PACS spectroscopy raster maps presented a challenge. Although detailed pointing data was available in HSA about the telescope movement during pointing to the raster points and the reference coordinates and during slewing 9 4 . 6 Fig. 3 : Illustration of the different footprints of Herschel's spectroscopic instruments in single pointing mode. The combined field of view of the SPIRE beams is approximates by a circle with a diameter of 2. 6 (green). The footprint of the 5 × 5 spaxels of PACS, although organized in a slightly irregular pattern, is treated as a 47 × 47 square. HIFI beams are approximated by circles with a diameter equivalent to the half-power beam-width of the corresponding sub-bands. As HIFI beams of the two polarisations are slightly offset, the footprints are the union of two circles (blue). between raster points, no meaningful flags were attached that would help organising pointing coordinates by raster row and column numbers. Also, most raster maps were measured with the chopper on but no information on the chopper throw was available. To identify the raster point coordinates and on and off positions, we turned to the friend of friend algorithm used for galaxy cluster finding. First, we grouped and averaged out pointings very close to each other to find raster points. Second, we implemented a heuristic algorithm to figure out whether the observation used the chopper or not and determined the observed positions accordingly. Fig. 6 illustrates two different types of PACS raster observations.
To construct the footprints of SPIRE spectroscopic raster maps, the list of raster points were extracted from Level-1 data using HIPE. Footprints are unions of circles of 2. 6 in diameter centred on the raster points, as illustrated in Fig. 5 . As it was mentioned in Sec. 3.2, the 2. 6 diameter is larger than the unvignetted view of the detectors to avoid holes in the footprints.
The HIFI instrument was used to make spatially extended observations in two modes: on-the-fly maps and dual beam switch rasters. In each case, the size of the resulting rectangular maps are reported in the observation header. Since the reported map sizes correspond to the area scanned by the central chief ray of the PSF, we augmented the size of the rectangles by the radius of the half-power beam width in each direction. Recovering the exact orientation of HIFI maps presented a problem as the fly angle of the telescope was not correctly recorded during the early periods of the mission. Consequently, instead of using the rotation angles from the observation headers in HSA, we reached back to the database of original observation proposals, Fig. 6 : Typical PACS integral field spectroscopy raster maps. The filled area represents the observation footprint, the crosses show the telescope pointing. Observation 1342212598 (top panel) was made with no chopping while observation 1342240160 (bottom panel) used the chopper for differential measurement between the target and the reference points (crosses). Given that flags assigning to pointing products were erroneous, we had to implement heuristics to distinguish these types of observations from raw pointing information and average out coordinates appropriately to reconstruct the footprints. and used the angles as specified by the proposers. Fig. 4 show the footprint of a typical HIFI map along with a pointed observation.
Indexing the footprint database
Since observation meta data is processed and organised into a uniform format, searching among all observations of all instruments based on header information is trivial. We provide a simple web-based interface to perform searches based on this header information. On the other hand, searching footprints based on spatial criteria is much more interesting. Spatial searches, in general, may include finding observations that cover a given pair of coordinates, observations that overlap with a given region, observations that cover a given region entirely, or observations that are covered by a given region completely, etc. As the exact determination of intersection or containment of complex spherical shapes is computationally intensive, comparing the query region with all scan map footprints is not possible every time a user request is processed. Instead, a smart indexing scheme is used to reduce computational resource requirements. Indexing is used primarily for coarse pre-filtering of matching candidates and exact intersection and containment is tested only for the good candidates. In case of a good indexing scheme, the reduction in computational time of spatial searches can be multiple orders of magnitude. We used the Spherical Library for SQL Server to build an index based on Hierarchical Triangular Mesh, described in details in Budavári et al (2010) . In addition to simple point containment search, we implemented efficient intersection and region containment search for Herschel footprints. This is a novel result compared to existing footprint databases. For the details on the implementation, see Dobos et al. (2016, in preparation) .
Visualisation tools
To visualise footprints, we developed a new plotting library for the spherical toolkit of Budavári et al (2010) . The plotting library was written from scratch with flexibility and speed in mind. It supports numerous spherical projections (equirectangular, Aitoff, Hammer-Aitoff, Mollweide, orthographic, stereographic, etc.) and arbitrary rotation and zoom. The library was designed to provide publication quality output with default settings, for example, plots can be automatically rotated and zoomed such, that spherical shapes appear in the centre. Implementation of this feature is non-trivial and requires fast algorithms to estimate the minimal enclosing circle of the footprints and additional heuristics. For example, high speed plotting of projected arcs is achieved via adaptive refinement of poly-lines until they sufficiently approximate the exact curves. Multiple plotting layers can be used to display axis scales, borders, shapes, shape outlines, coordinate points with different symbols and grids. Axis scales can use either decimal or sexagesimal notation and tick and grid lines are also drawn accordingly. Figures of the present paper were generated with the new plotting library.
Building the Herschel Footprint Database
Relational database management systems have been successfully used in many fields to store, search and process scientific data (Szalay et al, 2002; Lemson and Springel, 2006; Dobos et al, 2012) . We used Microsoft SQL Server 2012 to implement the footprint database. An excellent feature of this product is its powerful extensibility thanks to .Net framework integration. A significant part of the footprint processing logic and the entire Spherical Library was implemented as user-defined functions running inside the database. The web user interface and web services provide platformindependent access to the database. The size of the final database including indexes, is a modest 7.5 GB but an additional staging data space of 80 GB was required for processing raw pointing data. For data pre-processing, database ingestion and postprocessing we implemented our own data loading pipeline. An overview of the data transformation procedure is drawn in Fig. 7 .
To handle astronomical data, the efficient representation and indexing of spherical coordinates and shapes is of high importance. In Sec. 4.2-4.3 we briefly review how this can be achieved. We also present novel solutions for reducing the complexity of spherical region descriptions in Sec. 4.4.
SQL scripts and source code are available on GitHub 4 .
Data retrieval, processing and loading
Data from the Herschel space observatory is freely available for everyone but no uniformly processed catalogue of all observations has been published to date. Most of the Herschel data are automatically generated by systematic pipeline processing performed at the Herschel Science Centre (HSC) using the Herschel Data Processing system and made available through the HSA. A Herschel product may consist of observational products (scientific data), auxiliary products (spacecraft data), calibration products (parameters of the satellite and the instruments), quality control products (technical quality of the executed observation) and user provided data products (reduced data provided by the observers). The HSA is readily available from HIPE using Jython scripts. We used Jython scripts in HIPE to retrieve the necessary observation headers and pointing information from the HSA and wrote them into ASCII files. The biggest challenge in data retrieval we faced was that the HIPE environment required up to 8 GB of RAM to open certain observations and process raw data to reconstruct pointing products. The typical time necessary to retrieve the pointing data for a scan map was as high as 2 -3 minutes. Further processing of the ASCII files was done by a parallel data processing framework developed by us to convert ASCII files into a format that can be ingested into a staging database using bulk-insert. Header information and pointing data from the various observational modes of the three instruments were converted into a common format at this step. The information about the schama of the resulting database available in our website, http://herschel.vo.elte.hu The database loader toolkit was parallelised and executed on multiple threads to maximise the throughput of our multi-core system with high performance RAID storage. Once the data was loaded into the staging database, all subsequent data processing, except scan map generation, was done inside the database server by SQL scripts and user-defined functions. Fig. 7 : Flowchart of the data loading and footprint generation process. Data loading starts with downloading observation headers and processed Level 1 observations from the HSA using HIPE. Observation headers and pointing products are exported into text files for further processing by the DB loader toolkit. From this point all operations are parallelised to maximise system throughput. Raw output from HIPE is converted into binary files ready for database bulk-insert. Subsequent processing of pointing to generate footprints is entirely implemented in SQL. Multiple arrows mark paths of multi-threaded parallel data processing.
Representing spherical shapes
To describe celestial regions in an analytic form, we use an upgraded version of the Spherical Library by Budavári et al (2007 Budavári et al ( , 2010 ). The software library was designed with astronomical use cases in mind, hence offers different functionality than typical geographic information systems (GIS) when it comes to spherical geometry. This includes double precision implementation for high accuracy and the ability to represent geometries not common in geography, e.g. a ring embracing the sphere along the equator. Fast calculation of area, boolean operations such as intersection and union, etc. are among the supported operations.
The Spherical Library represents the unit sphere in three dimensional Cartesian coordinates to circumvent problems arising from the singularities of the spherical coordinate system. Before going into the details of fast spatial search techniques, we briefly introduce the terminology of the software library which follows the three dimensional concept. By intersecting the unit sphere with a half space one gets, in general, a small circle. If the half space crosses the centre of the sphere we get a great circle. By switching the sign of the half space the complementer of a small circle can be defined. More complex shapes can be described as intersections of multiple half spaces with the unit sphere. The intersection of half spaces is called a polyhedron which is always convex in the three dimensional space. On the other hand, the intersection of a polyhedron with the surface of the unit sphere is not necessarily convex in the spherical sense, i.e. not every two points of the shape can be connected by a great circle arc such a way that the shape contains the entire arc. Nevertheless, we will refer to the intersection of a polyhedron and the surface of the unit sphere as a convex. To construct more complex shapes, the union of multiple convexes can be taken; we will refer to these as regions and these will be roughly the equivalent of observation footprints. It is not necessary for a region to be connected, i.e. multiple, disjoint, non-adjacent patches are also a perfect region.
The Spherical Library is capable of simplifying regions such a way that convexes making it up become disjoint. Once a region is completely simplified, the area and the list of bounding arcs, the so called outline can be determined. A typical rectangular observation region is described with a single convex defined by four half spaces. In this case the half spaces go through the origin, thus the rectangle cut out from the sphere is bounded by great circles. In case of Herschel scan maps we obviously have much more complex regions.
Hierarchical Triangular Mesh
Relational database systems implement very efficient algorithms to sort and index data tables by integer keys. For the purpose of mapping coordinates and spherical shapes to integer number we use a technique called Hierarchical Triangular Mesh (HTM, Kunszt et al, 2000) . We only briefly introduce HTM here, for more information refer to Budavári et al (2010) .
Let us start with a regular octahedron inscribed into the unit sphere. By projecting the edges of the eight triangular sides of the octahedron, the spherical surface is divided into eight disjoint regions. Let us now split the triangles into four smaller ones by halving the edges and continue this a few dozen times. As the triangles get smaller the corresponding areas on the surface of the sphere will get smaller too. Twenty levels of recursion (or depth) is enough to reach the resolution of about 0. 3. At the same time the algorithm to generate the triangles is extremely simple as it only requires halving sections in the three dimensional space and no trigonometric functions are needed to perform the calculations. The projections of triangles to the the spherical surface are called trixels.
To map trixels to integer numbers a bit encoding scheme is used. A bit sequence identifying a specific trixel is called an HTMID. First we add a leading 1 bit to the very beginning to be able to tell the depth of the HTMID later. The eight sides of the initial octahedron require three bits to encode which become the next three most significant bits of the HTMID. Every additional level of recursion requires two additional bits that are written after the existing ones. The recursively generated trixels define a tree structure: every larger trixel is split into four smaller ones which is called a quad-tree. Encoding the tree into a bit sequence as we did it is called Morton coding.
Strictly speaking, HTMIDs refer to small areas on the sphere instead of exact coordinates and it is possible for different coordinates to have the same corresponding HTMID if the recursion level is low. In typical astronomical applications 44 bits (20 levels) are far enough to encode spherical coordinate pairs. Database systems provide the 64 bit bigint data-type to store such numbers, and although it seems a waste of bits, technology exists to compress leading zeros and save on disk space.
We have already shown how to hash coordinate pairs into the HTMID but to support searches that involve spherical shapes we need one more step which is calculating the cover of shapes. As it was discussed in Sec. 4.2, spherical shapes (or regions) are parts of the spherical surface bounded by closed arcs of small or great circles. We are now looking for a minimal set of trixels that cover a particular region. First we test which top-level trixels of the eight are necessary to cover the entire region and then we recursively refine to approximate the shape with trixels as much as possible, but at the same time, we want to keep the number of HTMID intervals as low as possible. During a refinement test, corners of the trixels are tested whether they are inside or outside the region. This can be done quite quickly as regions are defined by half-spaces, so the only computation involved is solving linear inequalities. Once a trixel is found to be completely inside the region it is added to the list of full trixels. Shall a trixel fall on the boundary of the shape, it is split into four smaller trixels which are tested against the region one by one and split further if necessary. Trixels falling entirely outside the region are discarded. Fig. 8 shows a typical HTM cover of a spherical shape. The final result of a cover, once trixels are converted into HTMID ranges, is a set of disjoint intervals of positive numbers. After some merging and pruning, the intervals can be used to perform spatial search using traditional SQL queries.
Reducing the complexity of scan map footprints
Footprints of large Herschel scan maps tend to be quite complicated when described as a spherical region, c.f. Sec. 4.2, due to the jagged edges. Therefore, we implemented two simple methods to reduce the complexity of such regions for applications where computational efficiency in more important than precision. Both methods start with the outline of the regions, i.e. a continuous loop composed of arcs of great circles. (We note that the Spherical Library also supports using arcs of small circles. The simplification methods described below cannot directly be used for such regions but there are ways of generalisation.) The first method works by straightening small kinks of the outline by the Douglas-Peucker algorithm, the second method eliminates jagged scan map edges by taking the convex hull of the region. The former is applicable when approximate visualisation of the footprints is satisfactory, whereas the convex hull of the footprints can be used for searches when false positive matches are acceptable.
The Douglas-Peucker reduction of the outlines.
The Douglas-Peucker algorithm (Douglas and Peucker, 1973) was originally created for reducing the complexity of a planar curve composed of straight line segments. The original circle is in red, fully covered trixels are black and partial trixels lying on the boundary are blue. Note, that while fully covered trixels can be larger (i.e. they are on an upper level of the HTM tree), partial trixels are always the same size. As boundaries of regions seldom coincide with trixel edges, a lower limit on trixel size is necessary to control the number of HTMID ranges covering a region.
We generalised the algorithm for spherical curves consisting of great circle arcs the following way. The procedure starts by taking all arc endpoints and orders them according to their positions along the curve. If the curve is a closed loop, the starting and ending points will be the same and are usually chosen arbitrarily, thus the reduction of a curve might not always be the same. The algorithm works recursively by considering the start and end points first. A recursive steps consists of finding between the starting A and ending B points the point C that lies the furthest (in terms of spherical distance) from the great circle arc ı AB connecting A and B directly. If C is closer to ı AB than a predefined angle ε, all points between A and B are discarded and the entire section is substituted with ı AB and the algorithm stops. If C is further from ı AB than ε then the algorithm is called recursively for ı AC andĈB. Panel c) of Fig. 9 illustrates the results of the spherical Douglas-Peucker algorithm performed on a SPIRE scan map footprint with ε = 50 . As it is clearly visible, the small wiggles of the outline are eliminated and substituted with single arcs. While the reduced outline looks certainly simpler, it is usually just a coarse approximation of the original and estimating the area of the original footprint based on the reduction is problematic. (c) The Douglas-Peucker reduction of the outline. The limit ε was set to 50 arc sec to emphasize the effect. Fig. 9 : Footprints of the SPIRE observation 1342186861 using two different reduction methods.
The convex hull method.
To determine the convex hull of a spherical region bounded by arcs of great circles, we start by determining the arc endpoints. The convex hull of a set of points on the surface of the square is well defined if the points are confined to a hemisphere only. Instead of solving the convex hull problem directly on the spherical surface, we solve the following, equivalent problem. We take the Cartesian unit vectors pointing to the arc endpoints plus the origin of the sphere and compute the 3-dimensional convex hull of these using the QuickHull algorithm (Barber et al, 1996) . By enumerating the faces of the 3D convex hull, one can find the great circle arcs bounding the spherical convex hull. Panel b) of Fig. 9 illustrates the convex hull of a SPIRE scan map calculated from the original scan map plotted in Panel a) of Fig. 9 . The convex hull method reduces complexity by "filling in" concave parts of the footprint which is not appropriate for small cross scans, for example. The area of the convex hull is always an upper estimate of the area of the original footprint.
Accessing the database form scripts.
Scripting access to the database is possible via the REST web service we provide at http://herschel.vo.elte.hu. The service can return the data in plain text, JSON and XML formats. The Python script in Listing 1 5 shows how to query the observation list and plot the footprints. The complete documentation of the RESTful web service API, as well as the description of the database schema, is available on the web page.
Summary
We have built a database containing meta data and footprint of all observations made by the Herschel Space Observatory during its entire mission between 2009 and 2013. Meta-data of the many observational modes of the three instruments have been homogenized to fit into a single relational data model. By using telescope pointing information and other meta-data, we have reconstructed of the footprint of observations including single pointing, raster maps and scan maps. The footprint are represented as non-pixellated, exact description of the observed areas. Since scan map footprint can become very complicated for many application, we have implemented two simplification algorithms to reduce the footprint outlines. The database is accessible via a web page and a REST web service at http://herschel. def f i n d O b sI n t e r s e c t ( inst , region ): url = " Observations " params = { " findby " : " intersect " , " inst " : inst , " region " : region } return openJSON ( url , params ) def g e t O u t li n e P o i n t s ( inst , obsID , res ): url = " Observations / " + inst + " / " + str ( obsID ) + " / Footprint / Outline / Points " params = { " res " : res } return openTable ( url , params ) obs = f i n d Ob s I n t e r s e c t ( " PACS " , " CIRCLE J2000 207.25 -28.4 20 " ) for o in obs : points = g e t O u t l i n e P o i n t s ( o [ " inst " ] Listing 1: simple python script to demonstrate how easy it is to retrieve observation footprints intersecting with a circle of a radius of 20 , centred on (α, δ ) = 207.
• 25, −28.
• 4. Once a list of observations is retrieved by the function findObsPoints, points of the footprints are also queried using getOutlinePoints. The parameter res determines the resampling resolution of small circle arcs to great circle arcs. The complete documentation of the RESTful web service API is available on the web page.
